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ABSTRACT
Aims. A flux-calibrated high resolution spectrum of the airglow emission is a practical λ-calibration reference for astronomical
spectral observations. It is also useful for constraining the molecular parameters of the OH molecule and the physical conditions in
the upper mesosphere.
Methods. We use the data collected during the first technical commissioning of the GIANO spectrograph at the Telescopio Nazionale
Galileo (TNG). The high resolution (R≃50,000) spectrum simultaneously covers the 0.95-2.4 µm wavelength range. Relative flux
calibration is achieved by the simultaneous observation of a spectrophotometric standard star.
Results. We derive a list of improved positions and intensities of OH infrared lines. The list includes Λ-split doublets many of which
are spectrally resolved. Compared to previous works, the new results correct errors in the wavelengths of the Q-branch transitions.
The relative fluxes of OH lines from different vibrational bands show remarkable deviations from theoretical predictions: the ∆v=3,4
lines are a factor of 2 and 4 brighter than expected. We also find evidence of a significant fraction (1-4%) of OH molecules with
“non-thermal” population of high-J levels. Finally we list wavelengths and fluxes of 153 lines not attributable to OH. Most of these
can be associated to O2, while 37 lines in the H band are not identified. The O2 and unidentified lines in the H band account for ≃5%
of the total airglow flux in this band.
Key words. Line: identification – Infrared: general – Techniques: spectroscopic
1. Introduction
The airglow emission is an annoying, unavoidable contamina-
tion of all ground-based astronomical observations. It mostly
consists of narrow lines of molecular bands which, on the other
hand, could be conveniently used as a reference spectrum for
wavelength calibration of spectroscopic data. The airglow lines
at wavelengths 0.3–1.0 µm have been thoroughly compiled and
modelled using high resolution (R≃105) data from HIRES-Keck
and UVES-VLT; see e.g. Osterbrock et al. (1998), Hanuschik
(2003), Cosby et al. (2006). The data in the near infrared are
much sparser and based on lower resolution spectra, see e.g.
Oliva & Origlia (1992), Maihara et al. (1993). The most re-
cent and complete line compilation is that of Rousselot et al.
(2000) (hereafter R2000) which used ISAAC-VLT spectra at re-
solving power R≃8,000. Besides the relatively low resolution,
which blends many lines, these spectra have a very limited si-
multaneous wavelength coverage ∆λ/λ=1/16. Therefore, they
cannot be used to measure intensity ratios of a sufficiently large
sample of lines, because the airglow intensity changes between
the different exposures needed to cover the whole wavelength
range. The ideal instrument for this type of measurement is a
cross-dispersed spectrograph, which can combine high spectral
resolution and broad wavelength coverage. GIANO-TNG is the
first instrument of this type available to the astronomical com-
munity.
We present and discuss measurements taken with GIANO
during its first technical commissioning at Telescopio Nazionale
Galileo (TNG). In section 2 we briefly describe the instrument,
the measurements and the data reduction. In section 3 we present
and discuss the results.
2. Observations
GIANO is a cross-dispersed spectrograph which produces, in a
single exposure, a spectrum extending from 0.95 µm to 2.4 µm at
a resolving power R≃50,000. The main disperser is a commer-
cial R2 echelle grating with 23.2 lines/mm which works in quasi-
Littrow configuration on a d = 100 mm collimated beam. Cross
dispersion is achieved via a network of fused silica and ZnSe
prisms which work in double pass, i.e. they cross-disperse the
light both before and after it is dispersed by the echelle gratings.
This setup produces a curvature of the images of the spectral or-
ders. More technical details on the instrument can be found in
Oliva et al. (2012a; 2012b) and references therein.
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Fig. 1. GIANO echelle spectra of the airglow emission (left panel) and of the U-Ne calibration lamp (right-hand panel). The positions of several
orders and the corresponding central wavelengths (in µm) are marked.
The spectral layout on the detector is shown in Fig. 1. The
echellogram on the detectors spans 49 orders, from #32 to #80.
The spectral coverage is complete up to 1.7 µm. At longer wave-
lengths the orders become wider than the detector. The effective
spectral coverage in the K-band is about 75%. The sky spectrum
in the left panel of Fig. 1 was dark-subtracted using an exposure
taken with a blocking filter at room temperature, for this reason
the thermal continuum beyond 2 µm results in absorption.
For its first technical commissioning at the TNG, we used
a bundle of 2 IR-transmitting ZBLAN fibres provisionally con-
nected to the TNG focus for visiting instruments. These fibres
are standard off-the-shelf products with a core of 85 µm, which
corresponds to a sky-projected angle of 1 arcsec. The two fibres
are aligned and mounted inside a custom connector. The cores
are at a distance of 0.25 mm, equivalent to a sky projected an-
gle of about 3 arcsec. Due to the constraints set by the visitor
focus, the fibre entrances were coupled to the TNG using a pro-
visional, simplified focal adapter which consisted of a commer-
cial CaF2 singlet lens positioned 26 mm before the fibres. The
focal adapter was mechanically mounted at a fiducial position,
no further adjustment of the optical axis was possible. Unfor-
tunately this resulted in a very reduced efficiency of the system,
which severely limited the use of the instrument for observations
of faint targets. A pellicle beam-splitter, positioned just before
the lens, was used to deviate ∼8% of the light to the guider CCD
camera, working in the Z-band. Light from calibration lamps
could be fed into the fibres by inserting a mirror in place of the
beam-splitter.
The data were collected during part of the technical nights
from July 27th to July 30th 2012. Sky-only spectra, such as those
shown in Fig. 1, were collected by pointing at blank sky posi-
tions. Sky+star spectra were collected by centring a hot star with
known flux (Hip89584) in one of the two fibres. These spectra
were used to measure the relative fluxes of the airglow lines. The
flux calibration did not include correction for telluric absorption
features, because the lines are not resolved. The geometry of the
orders was determined using flat exposures with a tungsten cali-
bration lamp. The 2D spectrum was thus rectified and the spectra
were extracted by summing 6 pixels around each fibre, in the di-
rection perpendicular to dispersion. Wavelength calibration was
determined feeding the fibres with the light from a U-Ne lamp.
The wavelengths of the Uranium lines were taken from Redman
et al. (2011) while for Neon we used the table available on the
NIST website1. The λ vs. pixel relationship was obtained start-
ing from a physical model of the instrument. This procedure is
part of the pipeline that we are developing for the instrument.
The resulting wavelength accuracy was about λ/300, 000 r.m.s.,
i.e. 0.05 Å for lines in the H-band.
Relative flux calibration was performed approximating the
photon flux of the standard star (Hip89584) with the following
interpolation formula
log(Nλ) = −3.46 − 1.58 logλ − 1.93(logλ)2
where λ is in µm and Nλ is in photons/cm2/s/µm. The accuracy
of the measured flux of bright lines in regions free of telluric
absorptions is 10% r.m.s.
3. Results
A total of about 750 airglow lines were detected in our spectra.
About 500 can be attributed to OH roto-vibrational transitions,
114 can be associated to O2, while the others are mostly not
identified.
We first concentrate on the OH lines, for which a rich theo-
retical background exists in the literature.
3.1. OH wavelengths and fluxes
Table 1 includes the lines which were unambiguously identified
as OH transitions. For each Λ-doublet of OH lines we give the
wavelengths (in vacuum) and the total flux of the doublet. The
relative intensities of the two e, f lines of each doublet, when
resolved, were in all cases found equal to unity, within the errors.
1 physics.nist.gov/PhysRefData/ASD/lines_form.html
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Fig. 2. Parts of the extracted spectrum including the Q-branch lines. Most of the Λ-doublets are clearly resolved at the GIANO resolution.
The listed wavelengths are derived from the OH energy level
positions of Abrams et al. (1994). These are the most accurate
molecular data available in the literature and yield line wave-
lengths with an r.m.s. accuracy of 0.0035 cm−1, equivalent to
0.01 Å at 16,000 Å. Compared to the work of R2000, we find
a discrepancy in the positions of all the Q-lines. Specifically,
we confirm that the Λ-doublets of most of these lines are clearly
resolved at the GIANO resolution (see Fig. 2). In contrast to
our results, the R2000 list predicts that these lines should be
unresolved. Similar discrepancies for a few Q lines were also
reported by Ellis et al. (2012).
The intensities of the lines are expressed in units of
photons/cm2/s, normalised to the intensity of the brightest line,
which is set to 103. The superscripts to the line intensities are
used to flag the reliability of the flux measurement. Their mean-
ings are follows
a : well detected line in a region free of telluric absorption. The
line is free from blending or can be de-blended. The error on
its relative flux is expected to be within 10% r.m.s.
b : well detected line, but affected by some telluric absorption
and/or blending and/or other problems. The error on its rela-
tive flux could be much larger than 10%.
c : line flux poorly defined because the line is detected at low
s/n ratio or it is severely affected by telluric absorption or it
is strongly blended.
3.2. Excitation and physical conditions of OH
The physical conditions of the OH molecules can be determined
by computing the relative populations of the upper levels of the
transitions, and comparing them with thermal distributions. For
this computation we used the most up-to-date values of transi-
tion probabilities, i.e. those of van der Loo & Groenenboom
(2007). The results are shown in Fig. 3 along with theoreti-
cal curves (solid lines) for a thermalized population with a vi-
brational temperature Tvib=9000 K and a much lower rotational
temperature Trot=180 K, i.e. for typical excitation conditions
(see e.g. R2000). The most striking result is the flattening to-
wards higher energies in the observed distributions. This large
deviation from a thermal distribution is disclosed by the mea-
surement of lines arising from levels with rotational quantum
number as high as J=15.5. Some of these lines are visible in the
top panel of Fig. 3 and in the central panel of Fig. 6.
In Fig. 3 we also plot, as dashed lines, the level popula-
tion expected adding a certain fraction of “hot” molecules with
Trot=Tvib. The results of this simple model fit remarkably well
the observations, but requires that the fraction of “hot molecules”
increases going to lower vibrational states. The results can be ex-
plained as follows. In the upper part of the mesosphere, the OH
molecule is primarily formed by the reaction
O3 + H → OH∗(v ≤ 9) + O2
The freshly formed OH∗ molecule is in a excited vibrational
and rotational state. At the typical densities of the meso-
sphere, collisional de-excitations within a given vibrational state
are much faster than spontaneous transitions (see e.g. Sharma
(1985)). This process thermalizes the rotational levels of most
OH molecules to the gas temperature. The “non-thermal” lines
that we detect come from the small fraction of OH∗ molecules
which spontaneously decay before thermalizing. The fact that
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Fig. 3. Relative populations of the OH levels. Eu is the energy of
the upper level (units of 103 cm−1, equivalent to 1.9910−13 erg) and gu is
its statical weight. The solid lines are the values expected for a thermal
population with a vibrational temperature Tvib=9000 K and a rotational
temperature Trot=180 K. The dashed lines include a given fraction of
“hot” molecules with Trot=Tvib. The upper-left panel shows a region of
the spectrum with some of the high excitation lines from “non-thermal”
levels.
this fraction increases for lower vibrational states may indi-
cate that the efficiency of collisional de-excitations decreases for
lower v’s.
There are a few points at low energies in the v = 9 subplot of
Fig. 3 that appear to be offset from the solid red line. These are
the ∆v=4 transitions which will be discussed in the next Section.
3.3. Comparison with computed OH transition probabilities
Another intriguing result follows from the analysis of the fluxes
of transitions arising from the same upper level. An excited
molecule with a vibrational quantum number v′ and rotational
quantum number J′ can spontaneously decay to a lower vibra-
tional state v′′=v′-∆v with rotational quantum numbers J′′=J′-1
(R line), J′′=J′ (Q line) and J′′=J′+1 (P line). Therefore, de-
pending on the value J′, there are two (P+Q) or three (P+Q+R)
lines for each ∆v band (for a complete scheme of the OH tran-
sitions network see Fig. 2 of R2000). Since these lines are opti-
cally thin, their photon fluxes are simply determined by the pop-
ulation of the upper level Nu times the transition probability Aul,
i.e.
I = NuAul
A convenient method to compare observations with theoretical
computations is to plot the value of Nu derived from different
lines sharing the same upper level. The results are shown in
Fig. 4. For each excited state, identified by its energy Eu, we
include all the lines with reliable flux measurements. The com-
puted value of Nu is normalised to the value derived from the
brightest line i.e.
Y = log(Nu/Nu−re f )i = log(I/Aul)i − log(I/Aul)re f
Fig. 4. Comparison between observed and predicted flux ratios of OH
lines from the same upper levels. Points with Nu/Nu−re f far from unity
(dashed line) indicate a discrepancy between observations and theoreti-
cal computations.
where the suffix i refers to the line under consideration. Values
of Y close to zero imply good agreement between observations
and theory. This is the case for all the points relative to the ∆v=2
lines (filled dots in Fig. 4) which are distributed around the Y=0
line with a scatter compatible with the observational errors.
The unexpected result is the systematic displacement of the
other points. The ∆v=3 lines are clustered around Y=0.3, while
the ∆v=4 transitions have an average value of Y=0.6. In either
cases the scatter of the points around their average values is com-
patible with the observational errors. This result indicates that
the computed transition probabilities of the ∆v=3 and∆v=4 lines
are systematically underestimated by a factor of about 2 and 4,
respectively. Very similar results are found using the most recent
transition probabilities, published by van der Loo & Groenen-
boom (2007), and the older values, published by Mies (1974).
The large discrepancy of lines with different ∆v is also evident
in Table 2, which lists the observed and predicted ratios for se-
lected pairs of lines from the same upper level.
We were indeed very surprised of this result, to the point
of questioning the flux calibration of our data. In addition to
double-checking all the data reduction, we searched for other
independent data which could provide precise quantitative infor-
mation on the relative fluxes of ∆v=2,3,4 bands of OH.
We used archive TNG data taken with the Amici dis-
perser of NICS, the TNG Near Infrared Camera Spectrometer
(Baffa et al. 2001). These spectra simultaneously cover the 0.9-
2.5 µm wavelength range at a resolving power R≃ 50. Although
the resolution is by far too low to measure the intensities of the
single OH lines, the spectra can be conveniently used to derive
the integrated intensities and colours of the airglow within the
infrared photometric bands. The results for a typical dark night
are displayed in Fig. 5. The emission in the Y (0.97–1.07 µm),
J (1.17–1.33 µm), and H (1.48–1.78 µm) photometric bands is
dominated by airglow lines, while K’ (1.95–2.30 µm) also in-
cludes thermal emission from the telescope mirrors. While the
temporal variation in the airglow-dominated bands is quite large
(up to 1 magnitude), the colours are much more stable, and can
be conveniently used to compare with theoretical predictions.
The J-H colour is difficult to model, because of the strong contri-
bution of O2 lines in the J-band (see Sect. 3.4). The Y-H colour,
instead, can be accurately modelled because OH accounts for
Article number, page 4 of 11
E. Oliva et al.: A GIANO-TNG high resolution IR spectrum of the airglow emission
Table 2. Photon flux ratios of OH lines from the same upper level
Line ratio1 Observed Predicted2
[3-0]P1(2.5)/[3-1]Q1(1.5) 0.045 0.024 0.017
[3-0]P1(3.5)/[3-1]Q1(2.5) 0.15 0.071 0.051
[4-1]Q1(1.5)/[4-2]Q1(1.5) 0.11 0.063 0.060
[4-1]P1(2.5)/[4-2]P1(1.5) 0.11 0.063 0.059
[4-1]R1(1.5)/[4-2]R1(1.5) 0.12 0.063 0.061
[5-2]P1(2.5)/[5-3]P1(2.5) 0.17 0.096 0.097
[5-2]R1(1.5)/[5-3]R1(1.5) 0.17 0.098 0.10
[5-2]Q2(0.5)/[5-3]Q2(0.5) 0.18 0.097 0.099
[9-5]Q1(1.5)/[9-7]Q1(1.5) 0.21 0.058 0.075
[9-5]P1(2.5)/[9-7]P1(2.5) 0.23 0.056 0.070
[4-1]R1(2.5)/[4-1]P1(4.5) 0.55 0.54 0.61
[4-2]P1(2.5)/[4-2]Q1(1.5) 0.76 0.76 0.74
[5-2]Q2(0.5)/[5-2]P2(1.5) 0.50 0.49 0.50
[5-3]R1(2.5)/[5-3]P1(4.5) 0.55 0.53 0.57
[6-4]Q1(2.5)/[6-4]R1(1.5) 0.81 0.98 0.96
[7-4]R1(2.5)/[7-4]P1(4.5) 0.55 0.56 0.61
[8-5]P1(2.5)/[8-5]Q1(1.5) 0.73 0.74 0.72
[9-5]R1(1.5)/[9-5]P1(3.5) 0.41 0.46 0.51
[9-7]R2(1.5)/[9-7]P2(3.5) 0.49 0.50 0.51
Notes.
(1) First group are pairs of lines with different ∆v, second group are pair
of lines with the same ∆v
(2) First entry is based on the transition probabilities of van de Loo
(2007), second entry is from the R2000 list, which is based on the tran-
sition probabilities of Mies (1974)
most of the emission in both bands. The airglow in the Y-band
is mostly due to OH lines with ∆v=3 (3–0 and 4–1), while the
H-band only contains OH lines with ∆v=2 (bands from 2–0 to 6–
4). Therefore, apart from minor effects related to small temporal
variations of the vibrational and rotational temperatures, the Y-H
colour should have a quasi-constant value which solely depends
on the relative transition probabilities between these vibrational
bands. Using the published transition probabilities we expect a
photon flux ratio Nλ(H)/Nλ(Y)=10.8, equivalent to a colour Y-
H=3.8. The data in Fig. 5 confirm the predicted stability of the
Y-H colour but, most important, shows that the airglow emission
is 0.8 magnitudes bluer than expected. In other words, the lines
in Y band are, on average, a factor of 2 brighter than predicted.
This is the same result that we find in the GIANO spectrum.
3.4. O2 and unidentified lines
The GIANO spectrum includes about 150 lines which cannot be
associated to OH transitions. The measured line positions and
fluxes are summarised in Table 3. The table lists the observed
wavelengths (in vacuum) which are accurate to 0.05 Å r.m.s. The
relative photon fluxes and the accuracy flags (a=best, c=worst)
are in the same unit as the OH lines (Sect. 3.1).
All the brightest lines in the J-band are identified as roto-
vibrational transitions of the O2 (0,0) a1∆g − X3Σ−g band. The
observed wavelengths are equal, within the errors, to those listed
in the HITRAN database ((Rothman et al. 2009)). Most of these
lines are coincident with telluric absorption features, i.e. the O2
lines are optically thick.
The brightest emission features at longer wavelengths are the
broad features at 1.5803 and 1.5808 µm (see top panel of Fig 6).
These features are the band-heads of the (0,1) a1∆g−X3Σ−g transi-
Fig. 5. Variation of the airglow emission at La Palma during a dark
night (moon 22%, rising at 04:45 UT). The values of surface brightness
and colors are expressed in Vega-magnitudes. The Y-H colors (upper-
most points) are much bluer than predicted by theoretical OH spectra.
See text for details
tions of O2. This is the first overtone of the (0,0) band discussed
above. Most of the lines in the 1.56–1.61 µm range are also
coincident with O2 transitions listed in the HITRAN database.
Interestingly, none of these emission lines is coincident with tel-
luric absorption features. Therefore, unlike the (0,0) O2 band, it
seems that the (0,1) O2 lines are optically thin.
The remaining lines are unlikely to be associated to the O2
band, because they are very far from the O2 band-heads. An
intriguing result is that several of these lines appear as closely
spaced doublets with equal intensities (see Fig. 6). In other
words, they are very similar to all the Λ-split OH doublets de-
tected in our spectra. However, their wavelengths do not cor-
respond to any OH transition with Ju ≤ 19.5 and vu ≤ 10. The
possibility that these doublets could be produced by OH isotopo-
logues (e.g. 18OH) should be investigated, but is beyond the aims
of this paper.
It is interesting to note that the integrated photon flux due
to non-OH lines is about 5% of the total airglow line emission
in the H-band. Specifically, about 1.5% is accounted for by the
two band-heads around 1.58 µm, while the remaining 3.5% is in
isolated lines. This contribution is not necessarily negligible and
could complicate the design of airglow-subtraction devices for
astronomical instruments.
We do not include in the list the broad emission features at
wavelengths beyond 2.3 µm, which are produced by absorption
bands generated at relatively low heights in the atmosphere.
4. Conclusions
Using GIANO at the Telescopio Nazionale Galileo (TNG), we
have obtained a high resolution (R≃50,000) flux calibrated spec-
trum of the night airglow covering the 0.95–2.4 µm wavelength
range. To the best of our knowledge, this is the first spectrum of
this type ever taken.
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Fig. 6. Top panel: section of the GIANO spectrum including the band-heads of O2 (0,1) a1∆g − X3Σ−g . Lower panels: unidentified lines which
appear as Λ-split doublets. See text for details.
About 80% of the detected lines can be unambiguously iden-
tified as OH transitions. The observed wavelengths agree with
those expected by the most accurate molecular energy levels
available in the literature (Abrams et al. 1994).
The relative fluxes of OH are used to determine the physical
conditions of the emitting molecules. Most of the data are well
fitted by a standard model, where the population of the vibra-
tional states follows a Boltzmann distribution at Tvib=9000 K,
while the rotational levels within a given vibrational state are
thermalized at Trot=180 K. However, we also detect lines from
highly excited rotational levels. These reveal a population of
“hot” OH, with Trot ≃ Tvib, which accounts for a few % of the
total number of molecules. This result indicates that the time-
scales for the thermalization of the rotational levels are not quick
enough to completely quench the emission from recently formed
molecules in highly excited rotational states.
Most surprisingly, the relative intensities of OH lines from
the same upper level show important discrepancies with what
predicted by computed transition probabilities.
All the non-OH lines observed in the 1.2-1.3 µm range can
be identified as O2 transitions within the (0,0) a1∆g−X3Σ−g band.
The remaining non-OH airglow lines are in the H-band (1.5-
1.8 µm). Of these, about 2/3 are associated to the first overtone
of the same O2 band, i.e. (0,1) a1∆g − X3Σ−g at 1.58 µm. Inter-
estingly, these lines are not coincident with telluric absorption
features, i.e. the lines are, most probably, optically thin. The
remaining lines, being far from the O2 band-heads, are unlikely
to be associated to these band.
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Table 1. OH line wavelengths and relative photon fluxes
λvac (Å) Iden I1 λvac (Å) Iden I1 λvac (Å) Iden I1
9722.546 [3-0]R1e(1.5) 9740.794 [3-0]R2e(0.5) 9851.125 [3-0]P2e(1.5)
9722.448 [3-0]R1f(1.5) 18c 9740.726 [3-0]R2f(0.5) 9c 9851.245 [3-0]P2f(1.5) 16b
9874.767 [3-0]P1e(2.5) 9897.437 [3-0]P2e(2.5) 9917.249 [3-0]P1e(3.5)
9874.921 [3-0]P1f(2.5) 38a 9897.479 [3-0]P2f(2.5) 11c 9917.533 [3-0]P1f(3.5) 41a
9948.022 [3-0]P2e(3.5) 9959.328 [9-5]R1e(1.5) 9964.447 [3-0]P1e(4.5)
9947.957 [3-0]P2f(3.5) 11c 9959.286 [9-5]R1f(1.5) 21b 9964.877 [3-0]P1f(4.5) 23a
9975.087 [9-5]R2e(0.5) 10002.832 [3-0]P2e(4.5) 10015.583 [9-5]Q1e(1.5)
9975.079 [9-5]R2f(0.5) 6c 10002.642 [3-0]P2f(4.5) 10c 10015.527 [9-5]Q1f(1.5) 44a
10063.407 [9-5]P2e(1.5) 10085.175 [9-5]P1e(2.5) 10106.324 [9-5]P2e(2.5)
10063.538 [9-5]P2f(1.5) 14b 10085.288 [9-5]P1f(2.5) 38a 10106.425 [9-5]P2f(2.5) 14b
10126.670 [9-5]P1e(3.5) 10174.990 [4-1]R1e(3.5) 10183.784 [4-1]R2e(2.5)
10126.898 [9-5]P1f(3.5) 51a 10174.806 [4-1]R1f(3.5) 19c 10183.868 [4-1]R2f(2.5) 9c
10192.575 [4-1]R1e(2.5) 10205.839 [4-1]R2e(1.5) 10211.608 [9-5]P2e(4.5)
10192.425 [4-1]R1f(2.5) 31a 10205.849 [4-1]R2f(1.5) 12b 10211.545 [9-5]P2f(4.5) 12b
10213.900 [4-1]R1e(1.5) 10228.311 [9-5]P1e(5.5) 10233.499 [4-1]R2e(0.5)
10213.802 [4-1]R1f(1.5) 41a 10228.862 [9-5]P1f(5.5) 12b 10233.428 [4-1]R2f(0.5) 12b
10289.505 [4-1]Q1e(1.5) 10299.021 [4-1]Q1e(2.5) 10350.063 [4-1]P2e(1.5)
10289.409 [4-1]Q1f(1.5) 110a 10298.670 [4-1]Q1f(2.5) 37a 10350.193 [4-1]P2f(1.5) 23a
10375.641 [4-1]P1e(2.5) 10399.361 [4-1]P2e(2.5) 10421.071 [4-1]P1e(3.5)
10375.799 [4-1]P1f(2.5) 86a 10399.413 [4-1]P2f(2.5) 32a 10421.366 [4-1]P1f(3.5) 92a
10453.395 [4-1]P2e(3.5) 10471.604 [4-1]P1e(4.5) 10512.107 [4-1]P2e(4.5)
10453.335 [4-1]P2f(3.5) 21b 10472.056 [4-1]P1f(4.5) 57a 10511.916 [4-1]P2f(4.5) 11b
10527.345 [4-1]P1e(5.5) 10700.140 [5-2]R1e(4.5) 10713.770 [5-2]R1e(3.5)
10527.969 [4-1]P1f(5.5) 29a 10699.948 [5-2]R1f(4.5) 7c 10713.589 [5-2]R1f(3.5) 22a
10723.304 [5-2]R2e(2.5) 10731.788 [5-2]R1e(2.5) 10746.145 [5-2]R2e(1.5)
10723.396 [5-2]R2f(2.5) 10b 10731.640 [5-2]R1f(2.5) 45a 10746.159 [5-2]R2f(1.5) 16a
10753.969 [5-2]R1e(1.5) 10775.094 [5-2]R2e(0.5) 10832.411 [5-2]Q2e(0.5)
10753.871 [5-2]R1f(1.5) 56a 10775.024 [5-2]R2f(0.5) 12b 10832.103 [5-2]Q2f(0.5) 15b
10834.338 [5-2]Q1e(1.5) 10844.871 [5-2]Q1e(2.5) 10860.033 [5-2]Q1e(3.5)
10834.241 [5-2]Q1f(1.5) 161b 10844.514 [5-2]Q1f(2.5) 56a 10859.222 [5-2]Q1f(3.5) 15a
10898.609 [5-2]P2e(1.5) 10926.348 [5-2]P1e(2.5) 10951.316 [5-2]P2e(2.5)
10898.751 [5-2]P2f(1.5) 31b 10926.511 [5-2]P1f(2.5) 115a 10951.381 [5-2]P2f(2.5) 39a
10975.177 [5-2]P1e(3.5) 11009.318 [5-2]P2e(3.5) 11029.577 [5-2]P1e(4.5)
10975.484 [5-2]P1f(3.5) 120b 11009.269 [5-2]P2f(3.5) 26b 11030.053 [5-2]P1f(4.5) 72b
11072.551 [5-2]P2e(4.5) 11089.688 [5-2]P1e(5.5) 11312.937 [6-3]R1e(3.5)
11072.363 [5-2]P2f(4.5) 12b 11090.349 [5-2]P1f(5.5) 33a 11312.764 [6-3]R1f(3.5) 26c
11323.318 [6-3]R2e(2.5) 11331.266 [6-3]R1e(2.5) 11439.989 [6-3]Q1e(1.5)
11323.415 [6-3]R2f(2.5) 14c 11331.121 [6-3]R1f(2.5) 42c 11439.891 [6-3]Q1f(1.5) 124b
11451.787 [6-3]Q1e(2.5) 11538.706 [6-3]P1e(2.5) 11591.523 [6-3]P1e(3.5)
11451.422 [6-3]Q1f(2.5) 39b 11538.876 [6-3]P1f(2.5) 93c 11591.847 [6-3]P1f(3.5) 91b
11627.867 [6-3]P2e(3.5) 11650.492 [6-3]P1e(4.5) 11696.442 [6-3]P2e(4.5)
11627.826 [6-3]P2f(3.5) 32b 11651.000 [6-3]P1f(4.5) 61c 11696.254 [6-3]P2f(4.5) 18b
11715.795 [6-3]P1e(5.5) 11771.004 [6-3]P2e(5.5) 11787.563 [6-3]P1e(6.5)
11716.506 [6-3]P1f(5.5) 36a 11770.650 [6-3]P2f(5.5) 6c 11788.495 [6-3]P1f(6.5) 14b
11983.237 [7-4]R2e(3.5) 11988.729 [7-4]R1e(3.5) 12000.086 [7-4]R2e(2.5)
11983.411 [7-4]R2f(3.5) 5a 11988.565 [7-4]R1f(3.5) 26b 12000.197 [7-4]R2f(2.5) 14a
12007.149 [7-4]R1e(2.5) 12024.233 [7-4]R2e(1.5) 12030.932 [7-4]R1e(1.5)
12007.008 [7-4]R1f(2.5) 56a 12024.259 [7-4]R2f(1.5) 21a 12030.837 [7-4]R1f(1.5) 62b
12055.912 [7-4]R2e(0.5) 12120.556 [7-4]Q2e(0.5) 12122.690 [7-4]Q1e(1.5)
12055.843 [7-4]R2f(0.5) 22a 12120.218 [7-4]Q2f(0.5) 12a 12122.591 [7-4]Q1f(1.5) 166a
12136.107 [7-4]Q1e(2.5) 12155.358 [7-4]Q1e(3.5) 12196.299 [7-4]P2e(1.5)
12135.738 [7-4]Q1f(2.5) 62a 12154.512 [7-4]Q1f(3.5) 13b 12196.471 [7-4]P2f(1.5) 37a
12229.206 [7-4]P1e(2.5) 12257.680 [7-4]P2e(2.5) 12286.820 [7-4]P1e(3.5)
12229.381 [7-4]P1f(2.5) 142a 12257.777 [7-4]P2f(2.5) 53a 12287.159 [7-4]P1f(3.5) 157a
12325.925 [7-4]P2e(3.5) 12351.329 [7-4]P1e(4.5) 12400.967 [7-4]P2e(4.5)
12325.901 [7-4]P2f(3.5) 41a 12351.866 [7-4]P1f(4.5) 102a 12400.789 [7-4]P2f(4.5) 24a
12422.967 [7-4]P1e(5.5) 12482.885 [7-4]P2e(5.5) 12501.915 [7-4]P1e(6.5)
12423.727 [7-4]P1f(5.5) 52a 12482.530 [7-4]P2f(5.5) 13a 12502.919 [7-4]P1f(6.5) 19a
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λvac (Å) Iden I1 λvac (Å) Iden I1 λvac (Å) Iden I1
12571.855 [7-4]P2e(6.5) 12588.345 [7-4]P1e(7.5) 12748.001 [8-5]R1e(5.5)
12571.304 [7-4]P2f(6.5) 5a 12589.613 [7-4]P1f(7.5) 8a 12747.917 [8-5]R1f(5.5) 11a
12752.864 [8-5]R1e(4.5) 12760.892 [8-5]R2e(3.5) 12764.492 [8-5]R1e(3.5)
12752.732 [8-5]R1f(4.5) 31a 12761.093 [8-5]R2f(3.5) 10a 12764.343 [8-5]R1f(3.5) 179c
12777.032 [8-5]R2e(2.5) 12782.634 [8-5]R1e(2.5) 12801.522 [8-5]R2e(1.5)
12777.167 [8-5]R2f(2.5) 22a 12782.500 [8-5]R1f(2.5) 165c 12801.565 [8-5]R2f(1.5) 31a
12807.030 [8-5]R1e(1.5) 12834.593 [8-5]R2e(0.5) 12903.707 [8-5]Q2e(0.5)
12806.937 [8-5]R1f(1.5) 120c 12834.535 [8-5]R2f(0.5) 34a 12903.358 [8-5]Q2f(0.5) 23a
12905.761 [8-5]Q1e(1.5) 12921.319 [8-5]Q1e(2.5) 12943.607 [8-5]Q1e(3.5)
12905.661 [8-5]Q1f(1.5) 256a 12920.945 [8-5]Q1f(2.5) 77a 12942.746 [8-5]Q1f(3.5) 26a
12985.550 [8-5]P2e(1.5) 13021.544 [8-5]P1e(2.5) 13052.678 [8-5]P2e(2.5)
12985.742 [8-5]P2f(1.5) 53a 13021.726 [8-5]P1f(2.5) 188a 13052.801 [8-5]P2f(2.5) 71a
13085.086 [8-5]P1e(3.5) 13127.821 [8-5]P2e(3.5) 13156.506 [8-5]P1e(4.5)
13085.443 [8-5]P1f(3.5) 206a 13127.823 [8-5]P2f(3.5) 59b 13157.079 [8-5]P1f(4.5) 64b
13210.926 [8-5]P2e(4.5) 13236.106 [8-5]P1e(5.5) 14833.285 [3-1]R1e(2.5)
13210.769 [8-5]P2f(4.5) 31b 13236.927 [8-5]P1f(5.5) 88b 14832.903 [3-1]R1f(2.5) 205c
14864.398 [3-1]R2e(1.5) 14886.507 [2-0]P2e(5.5) 14887.819 [3-1]R1e(1.5)
14864.398 [3-1]R2f(1.5) 59c 14885.824 [2-0]P2f(5.5) 12c 14887.579 [3-1]R1f(1.5) 276c
14908.278 [2-0]P1e(6.5) 14931.971 [3-1]R2e(0.5) 15025.142 [2-0]P1e(7.5)
14909.776 [2-0]P1f(6.5) 32c 14931.795 [3-1]R2f(0.5) 114c 15026.969 [2-0]P1f(7.5) 5c
15053.190 [3-1]Q2e(0.5) 15055.657 [3-1]Q1e(1.5) 15064.542 [3-1]Q2e(1.5)
15052.540 [3-1]Q2f(0.5) 80b 15055.442 [3-1]Q1f(1.5) 841a 15063.455 [3-1]Q2f(1.5) 25a
15069.360 [3-1]Q1e(2.5) 15082.841 [3-1]Q2e(2.5) 15089.161 [3-1]Q1e(3.5)
15068.575 [3-1]Q1f(2.5) 274a 15081.669 [3-1]Q2f(2.5) 6c 15087.391 [3-1]Q1f(3.5) 63c
15107.805 [3-1]Q2e(3.5) 15115.312 [3-1]Q1e(4.5) 15187.009 [3-1]P2e(1.5)
15106.959 [3-1]Q2f(3.5) 4a 15112.139 [3-1]Q1f(4.5) 16b 15187.271 [3-1]P2f(1.5) 158b
15240.788 [3-1]P1e(2.5) 15287.747 [3-1]P2e(2.5) 15332.099 [3-1]P1e(3.5)
15241.120 [3-1]P1f(2.5) 712b 15287.831 [3-1]P2f(2.5) 203b 15332.705 [3-1]P1f(3.5) 729b
15395.411 [3-1]P2e(3.5) 15431.702 [3-1]P1e(4.5) 15462.443 [4-2]R1e(5.5)
15395.258 [3-1]P2f(3.5) 153b 15432.613 [3-1]P1f(4.5) 406b 15461.807 [4-2]R1f(5.5) 11b
15473.986 [4-2]R2e(4.5) 15501.158 [4-2]R1e(4.5) 15509.979 [3-1]P2e(4.5)
15474.439 [4-2]R2f(4.5) 8b 15500.571 [4-2]R1f(4.5) 44b 15509.559 [3-1]P2f(4.5) 84b
15517.706 [4-2]R2e(3.5) 15539.711 [3-1]P1e(5.5) 15546.392 [4-2]R1e(3.5)
15518.039 [4-2]R2f(3.5) 26b 15540.945 [3-1]P1f(5.5) 198b 15545.890 [4-2]R1f(3.5) 123b
15570.070 [4-2]R2e(2.5) 15597.824 [4-2]R1e(2.5) 15631.677 [3-1]P2e(5.5)
15570.249 [4-2]R2f(2.5) 61b 15597.439 [4-2]R1f(2.5) 263b 15630.972 [3-1]P2f(5.5) 67c
15631.562 [4-2]R2e(1.5) 15655.074 [4-2]R1e(1.5) 15656.177 [3-1]P1e(6.5)
15631.560 [4-2]R2f(1.5) 67c 15654.833 [4-2]R1f(1.5) 343a 15657.749 [3-1]P1f(6.5) 61a
15702.631 [4-2]R2e(0.5) 15760.831 [3-1]P2e(6.5) 15781.163 [3-1]P1e(7.5)
15702.447 [4-2]R2f(0.5) 96b 15759.827 [3-1]P2f(6.5) 9b 15783.090 [3-1]P1f(7.5) 15a
15830.675 [4-2]Q2e(0.5) 15833.381 [4-2]Q1e(1.5) 15843.076 [4-2]Q2e(1.5)
15829.995 [4-2]Q2f(0.5) 89a 15833.165 [4-2]Q1f(1.5) 1000a 15841.930 [4-2]Q2f(1.5) 35a
15848.459 [4-2]Q1e(2.5) 15863.115 [4-2]Q2e(2.5) 15870.210 [4-2]Q1e(3.5)
15847.662 [4-2]Q1f(2.5) 325a 15861.863 [4-2]Q2f(2.5) 10a 15868.404 [4-2]Q1f(3.5) 93a
15897.794 [3-1]P2e(7.5) 15898.914 [4-2]Q1e(4.5) 15914.773 [3-1]P1e(8.5)
15896.476 [3-1]P2f(7.5) 12b 15895.662 [4-2]Q1f(4.5) 16b 15917.072 [3-1]P1f(8.5) 5b
15972.456 [4-2]P2e(1.5) 16030.661 [4-2]P1e(2.5) 16057.155 [3-1]P1e(9.5)
15972.738 [4-2]P2f(1.5) 217a 16031.002 [4-2]P1f(2.5) 759a 16059.850 [3-1]P1f(9.5) 7a
16079.701 [4-2]P2e(2.5) 16128.294 [4-2]P1e(3.5) 16194.686 [4-2]P2e(3.5)
16079.804 [4-2]P2f(2.5) 262a 16128.923 [4-2]P1f(3.5) 799a 16194.544 [4-2]P2f(3.5) 193a
16234.899 [4-2]P1e(4.5) 16246.367 [5-3]R1e(7.5) 16252.431 [5-3]R2e(6.5)
16235.854 [4-2]P1f(4.5) 500a 16245.772 [5-3]R1f(7.5) 7b 16253.038 [5-3]R2f(6.5) 4b
16270.627 [5-3]R1e(6.5) 16279.449 [5-3]R2e(5.5) 16302.584 [5-3]R1e(5.5)
16270.010 [5-3]R1f(6.5) 11b 16280.005 [5-3]R2f(5.5) 4b 16301.973 [5-3]R1f(5.5) 15b
16315.279 [5-3]R2e(4.5) 16317.374 [4-2]P2e(4.5) 16342.041 [5-3]R1e(4.5)
16315.752 [5-3]R2f(4.5) 9a 16316.949 [4-2]P2f(4.5) 96a 16341.470 [5-3]R1f(4.5) 41a
16350.651 [4-2]P1e(5.5) 16359.060 [3-1]P2e(10.5) 16360.209 [5-3]R2e(3.5)
16351.954 [4-2]P1f(5.5) 207a 16356.690 [3-1]P2f(10.5) 6b 16360.561 [5-3]R2f(3.5) 21a
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Table 1. continued.
λvac (Å) Iden I1 λvac (Å) Iden I1 λvac (Å) Iden I1
16369.059 [3-1]P1e(11.5) 16388.740 [5-3]R1e(3.5) 16414.641 [5-3]R2e(2.5)
16372.618 [3-1]P1f(11.5) 7a 16388.245 [5-3]R1f(3.5) 117a 16414.835 [5-3]R2f(2.5) 50a
16442.346 [5-3]R1e(2.5) 16447.981 [4-2]P2e(5.5) 16475.648 [4-2]P1e(6.5)
16441.964 [5-3]R1f(2.5) 245a 16447.253 [4-2]P2f(5.5) 39a 16477.319 [4-2]P1f(6.5) 80a
16479.059 [5-3]R2e(1.5) 16502.485 [5-3]R1e(1.5) 16553.907 [5-3]R2e(0.5)
16479.065 [5-3]R2f(1.5) 93a 16502.245 [5-3]R1f(1.5) 327a 16553.723 [5-3]R2f(0.5) 107a
16586.848 [4-2]P2e(6.5) 16609.994 [4-2]P1e(7.5) 16689.558 [5-3]Q2e(0.5)
16585.798 [4-2]P2f(6.5) 15a 16612.052 [4-2]P1f(7.5) 25b 16688.846 [5-3]Q2f(0.5) 84b
16692.490 [5-3]Q1e(1.5) 16703.242 [5-3]Q2e(1.5) 16709.258 [5-3]Q1e(2.5)
16692.270 [5-3]Q1f(1.5) 854a 16702.035 [5-3]Q2f(1.5) 23a 16708.445 [5-3]Q1f(2.5) 290a
16718.914 [3-1]P1e(13.5) 16725.407 [5-3]Q2e(2.5) 16733.405 [5-3]Q1e(3.5)
16723.436 [3-1]P1f(13.5) 10a 16724.073 [5-3]Q2f(2.5) 5b 16731.555 [5-3]Q1f(3.5) 81b
16734.354 [4-2]P2e(7.5) 16753.832 [4-2]P1e(8.5) 16755.756 [5-3]Q2e(3.5)
16732.965 [4-2]P2f(7.5) 9b 16756.299 [4-2]P1f(8.5) 3b 16754.736 [5-3]Q2f(3.5) 10b
16765.246 [5-3]Q1e(4.5) 16840.325 [5-3]P2e(1.5) 16890.892 [4-2]P2e(8.5)
16761.899 [5-3]Q1f(4.5) 23a 16840.636 [5-3]P2f(1.5) 116a 16889.145 [4-2]P2f(8.5) 8a
16903.502 [5-3]P1e(2.5) 16907.350 [4-2]P1e(9.5) 16908.877 [3-1]P1e(14.5)
16903.857 [5-3]P1f(2.5) 687a 16910.250 [4-2]P1f(9.5) 13b 16913.912 [3-1]P1f(14.5) 10a
16955.012 [5-3]P2e(2.5) 17008.426 [5-3]P1e(3.5) 17056.858 [4-2]P2e(9.5)
16955.145 [5-3]P2f(2.5) 238a 17009.087 [5-3]P1f(3.5) 692a 17054.733 [4-2]P2f(9.5) 6b
17070.789 [4-2]P1e(10.5) 17078.430 [5-3]P2e(3.5) 17109.370 [3-1]P1e(15.5)
17074.147 [4-2]P1f(10.5) 9a 17078.309 [5-3]P2f(3.5) 173a 17114.928 [3-1]P1f(15.5) 9a
17123.152 [5-3]P1e(4.5) 17175.355 [6-4]R1e(8.5) 17189.235 [6-4]R1e(7.5)
17124.166 [5-3]P1f(4.5) 445a 17174.899 [6-4]R1f(8.5) 7b 17188.696 [6-4]R1f(7.5) 9b
17210.529 [5-3]P2e(4.5) 17211.958 [6-4]R1e(6.5) 17243.338 [6-4]R1e(5.5)
17210.109 [5-3]P2f(4.5) 87a 17211.371 [6-4]R1f(6.5) 6a 17242.741 [6-4]R1f(5.5) 15b
17247.926 [5-3]P1e(5.5) 17257.360 [6-4]R2e(4.5) 17283.151 [6-4]R1e(4.5)
17249.321 [5-3]P1f(5.5) 205b 17257.853 [6-4]R2f(4.5) 13b 17282.584 [6-4]R1f(4.5) 44a
17303.187 [6-4]R2e(3.5) 17331.117 [6-4]R1e(3.5) 17351.525 [5-3]P2e(5.5)
17303.553 [6-4]R2f(3.5) 21a 17330.621 [6-4]R1f(3.5) 10b 17350.779 [5-3]P2f(5.5) 42b
17359.587 [6-4]R2e(2.5) 17382.907 [5-3]P1e(6.5) 17386.887 [6-4]R1e(2.5)
17359.787 [6-4]R2f(2.5) 47b 17384.705 [5-3]P1f(6.5) 80b 17386.504 [6-4]R1f(2.5) 214b
17418.706 [4-2]P2e(11.5) 17427.043 [6-4]R2e(1.5) 17428.610 [4-2]P1e(12.5)
17415.758 [4-2]P2f(11.5) 5a 17427.047 [6-4]R2f(1.5) 85a 17432.965 [4-2]P1f(12.5) 10a
17450.087 [6-4]R1e(1.5) 17501.775 [5-3]P2e(6.5) 17505.994 [6-4]R2e(0.5)
17449.846 [6-4]R1f(1.5) 244a 17500.681 [5-3]P2f(6.5) 16a 17505.801 [6-4]R2f(0.5) 85a
17528.254 [5-3]P1e(7.5) 17541.515 [3-1]P2e(16.5) 17543.701 [3-1]P1e(17.5)
17530.474 [5-3]P1f(7.5) 26a 17536.573 [3-1]P2f(16.5) 5a 17550.297 [3-1]P1f(17.5) 7a
17650.227 [6-4]Q2e(0.5) 17653.333 [6-4]Q1e(1.5) 17665.519 [6-4]Q2e(1.5)
17649.480 [6-4]Q2f(0.5) 68a 17653.111 [6-4]Q1f(1.5) 622a 17664.243 [6-4]Q2f(1.5) 19b
17672.224 [6-4]Q1e(2.5) 17684.161 [5-3]P1e(8.5) 17690.349 [6-4]Q2e(2.5)
17671.400 [6-4]Q1f(2.5) 196a 17686.826 [5-3]P1f(8.5) 12a 17688.922 [6-4]Q2f(2.5) 8a
17699.386 [6-4]Q1e(3.5) 17724.421 [6-4]Q2e(3.5) 17735.169 [6-4]Q1e(4.5)
17697.499 [6-4]Q1f(3.5) 31c 17723.298 [6-4]Q2f(3.5) 3b 17731.742 [6-4]Q1f(4.5) 11b
17779.850 [6-4]Q1e(5.5) 17811.307 [6-4]P2e(1.5) 17823.338 [4-2]P2e(13.5)
17774.412 [6-4]Q1f(5.5) 6a 17811.642 [6-4]P2f(1.5) 15c 17819.490 [4-2]P2f(13.5) 6a
17831.728 [5-3]P2e(8.5) 17830.122 [4-2]P1e(14.5) 17850.874 [5-3]P1e(9.5)
17829.880 [5-3]P2f(8.5) 9a 17835.564 [4-2]P1f(14.5) 7a 17854.007 [5-3]P1f(9.5) 6c
17880.118 [6-4]P1e(2.5) 17993.620 [6-4]P1e(3.5) 18067.987 [6-4]P2e(3.5)
17880.481 [6-4]P1f(2.5) 456b 17994.304 [6-4]P1f(3.5) 382c 18067.882 [6-4]P2f(3.5) 28c
19560.004 [7-5]P1e(6.5) 19618.495 [8-6]R2e(3.5) 19642.698 [8-6]R1e(3.5)
19562.060 [7-5]P1f(6.5) 21c 19618.954 [8-6]R2f(3.5) 17c 19642.237 [8-6]R1f(3.5) 49c
19677.859 [8-6]R2e(2.5) 19699.527 [7-5]P2e(6.5) 19702.267 [8-6]R1e(2.5)
19678.136 [8-6]R2f(2.5) 18c 19698.347 [7-5]P2f(6.5) 14c 19701.898 [8-6]R1f(2.5) 84c
19734.919 [7-5]P1e(7.5) 19751.486 [8-6]R2e(1.5) 19771.980 [8-6]R1e(1.5)
19737.499 [7-5]P1f(7.5) 33c 19751.543 [8-6]R2f(1.5) 100c 19771.744 [8-6]R1f(1.5) 137c
19774.061 [6-4]P1e(13.5) 19839.814 [8-6]R2e(0.5) 20005.417 [8-6]Q2e(0.5)
19780.072 [6-4]P1f(13.5) 8c 19839.643 [8-6]R2f(0.5) 54c 20004.611 [8-6]Q2f(0.5) 21c
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Table 1. continued.
λvac (Å) Iden I1 λvac (Å) Iden I1 λvac (Å) Iden I1
20008.276 [8-6]Q1e(1.5) 20033.634 [8-6]Q1e(2.5) 20069.974 [8-6]Q1e(3.5)
20008.051 [8-6]Q1f(1.5) 280c 20032.788 [8-6]Q1f(2.5) 72c 20068.017 [8-6]Q1f(3.5) 10c
20193.020 [8-6]P2e(1.5) 20275.646 [8-6]P1e(2.5) 20320.599 [7-5]P2e(9.5)
20193.434 [8-6]P2f(1.5) 43c 20276.033 [8-6]P1f(2.5) 241c 20318.028 [7-5]P2f(9.5) 7a
20339.372 [8-6]P2e(2.5) 20343.553 [7-5]P1e(10.5) 20412.304 [8-6]P1e(3.5)
20339.623 [8-6]P2f(2.5) 110b 20347.960 [7-5]P1f(10.5) 9a 20413.054 [8-6]P1f(3.5) 41c
20499.371 [8-6]P2e(3.5) 20562.953 [8-6]P1e(4.5) 20673.021 [8-6]P2e(4.5)
20499.358 [8-6]P2f(3.5) 0c 20564.143 [8-6]P1f(4.5) 219c 20672.668 [8-6]P2f(4.5) 14c
20728.171 [8-6]P1e(5.5) 20807.364 [7-5]P2e(11.5) 20824.588 [7-5]P1e(12.5)
20729.859 [8-6]P1f(5.5) 135c 20803.671 [7-5]P2f(11.5) 5a 20830.495 [7-5]P1f(12.5) 12b
20860.621 [8-6]P2e(5.5) 20875.692 [6-4]P1e(17.5) 20908.450 [8-6]P1e(6.5)
20859.871 [8-6]P2f(5.5) 34b 20885.483 [6-4]P1f(17.5) 6a 20910.685 [8-6]P1f(6.5) 65b
21089.760 [7-5]P1e(13.5) 21096.316 [9-7]R2e(3.5) 21104.276 [8-6]P1e(7.5)
21096.527 [7-5]P1f(13.5) 10b 21096.889 [9-7]R2f(3.5) 8b 21107.104 [8-6]P1f(7.5) 27b
21116.060 [9-7]R1e(3.5) 21155.925 [9-7]R2e(2.5) 21176.727 [9-7]R1e(2.5)
21115.653 [9-7]R1f(3.5) 49b 21156.307 [9-7]R2f(2.5) 20a 21176.387 [9-7]R1f(2.5) 70a
21194.919 [6-4]P1e(18.5) 21232.354 [9-7]R2e(1.5) 21249.706 [9-7]R1e(1.5)
21205.938 [6-4]P1f(18.5) 5c 21232.494 [9-7]R2f(1.5) 30a 21249.481 [9-7]R1f(1.5) 95a
21279.892 [8-6]P2e(7.5) 21316.180 [8-6]P1e(8.5) 21326.033 [9-7]R2e(0.5)
21278.218 [8-6]P2f(7.5) 16a 21319.652 [8-6]P1f(8.5) 18a 21325.914 [9-7]R2f(0.5) 26a
21372.519 [7-5]P1e(14.5) 21505.452 [9-7]Q2e(0.5) 21507.422 [9-7]Q1e(1.5)
21380.238 [7-5]P1f(14.5) 9a 21504.638 [9-7]Q2f(0.5) 20a 21507.196 [9-7]Q1f(1.5) 211a
21513.007 [8-6]P2e(8.5) 21537.948 [9-7]Q1e(2.5) 21710.932 [9-7]P2e(1.5)
21510.804 [8-6]P2f(8.5) 5a 21537.098 [9-7]Q1f(2.5) 85b 21711.408 [9-7]P2f(1.5) 52a
21790.783 [8-6]P1e(10.5) 21802.112 [9-7]P1e(2.5) 21873.347 [9-7]P2e(2.5)
21795.718 [8-6]P1f(10.5) 7b 21802.515 [9-7]P1f(2.5) 168a 21873.690 [9-7]P2f(2.5) 66a
21955.240 [9-7]P1e(3.5) 22052.320 [9-7]P2e(3.5) 22124.874 [9-7]P1e(4.5)
21956.036 [9-7]P1f(3.5) 190a 22052.412 [9-7]P2f(3.5) 60a 22126.160 [9-7]P1f(4.5) 158a
22311.800 [9-7]P1e(5.5) 22460.602 [9-7]P2e(5.5) 22516.726 [9-7]P1e(6.5)
22313.651 [9-7]P1f(5.5) 78a 22459.926 [9-7]P2f(5.5) 24a 22519.211 [9-7]P1f(6.5) 40a
22690.982 [9-7]P2e(6.5) 22740.375 [9-7]P1e(7.5)
22689.823 [9-7]P2f(6.5) 9c 22743.555 [9-7]P1f(7.5) 20c
Notes.
(1) I is the relative line photons flux. The superscript defines the accuracy (a=best, c=worst). See text for details.
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Table 3. Observed wavelengths and relative photon fluxes of other airglow lines
λvac (Å) Iden1 I2 λvac (Å) Iden1 I2 λvac (Å) Iden1 I2
12496.20 O2 8a 12511.21 O2 12a 12526.55 O2 28a
12542.18 O2 32b 12558.15 O2 34b 12574.44 O2 28b
12586.61 O2 5b 12591.02 O2 21b 12592.36 O2 9a
12594.06 O2 3b 12595.79 O2 8a 12598.38 O2 15b
12601.82 O2 21b 12604.71 O2 23b 12608.04 O2 46b
12611.33 O2 33b 12614.69 O2 31b 12618.21 O2 32b
12621.57 O2 25b 12625.29 O2 42b 12628.67 O2 12b
12632.84 O2 11b 12636.11 O2 3c 12640.60 O2 13b
12642.75 O2 36b 12648.58 O2 10c 12651.77 O2 8c
12656.85 O2 14b 12660.70 O2 56b 12665.46 O2 39b
12674.38 O2 12b 12677.40 O2 10b 12683.66 O2 20b
12684.19 O2 74b 12685.04 O2 96b 12686.11 O2 13b
12686.85 O2 21b 12687.58 O2 37b 12688.99 O2 10b
12691.16 O2 10b 12692.90 O2 63b 12693.31 O2 63b
12694.21 16O18O 19c 12695.27 O2 39c 12695.72 O2 41c
12696.28 O2 38c 12697.20 O2 16a 12697.86 O2 11b
12698.62 O2 73b 12700.58 O2 16a 12701.34 O2 44a
12704.27 O2 26a 12707.05 O2 80b 12710.31 O2 11b
12717.13 O2 32b 12720.32 O2 75b 12725.41 O2 13b
12727.44 O2 27b 12730.59 O2 60b 12738.01 O2 36b
12741.12 O2 62b 12744.70 O2 15b 12748.83 O2 52b
12751.93 O2 73b 12759.93 O2 77b 12762.99 O2 85b
12764.29 O2 19b 12771.29 O2 76b 12774.32 O2 85b
12782.76 O2 14b 12784.13 O2 14b 12785.94 O2 66b
12794.85 O2 46b 12797.84 O2 43b 12804.29 O2 14b
12807.01 O2 11a 12809.98 O2 23a 12819.49 O2 13b
12822.42 O2 13b 12824.77 O2 14a 12845.55 O2 10b
12866.60 O2 65a 12888.05 O2 39a 12909.80 O2 25a
12931.85 O2 7a 15310.63 6a 15348.59 16a
15488.78 9a 15542.68 5b 15601.79 O2 4b
15612.60 doublet? 3b 15613.90 doublet? 3b 15628.91 O2 5a
15666.07 3c 15671.44 2c 15679.25 2c
15683.69 O2 11a 15692.47 O2 4b 15697.67 O2 5b
15705.84 O2 7b 15711.43 O2 16b 15719.34 O2 10b
15724.47 O2 13b 15732.97 O2 14b 15738.05 O2 18b
15739.41 O2 12b 15746.73 O2 16b 15751.78 O2 21b
15760.69 O2 21b 15765.61 O2 24b 15767.71 O2 12b
15774.70 O2 14b 15779.60 O2 26b 15788.95 6b
15793.69 O2 26b 15803.00 O2 Band-head 99a 15808.00 O2 Band-head 178a
15823.83 8b 15838.42 O2 16b 15853.03 O2 17a
15858.01 O2 13a 15867.73 O2 12a 15872.65 O2 15a
15874.97 6b 15882.48 O2 16a 15887.36 O2 13a
15902.13 O2 10a 15912.28 O2 9a 15925.01 10a
15927.31 4a 15929.70 4a 15932.03 4a
15934.81 3a 15954.28 8a 15983.64 5a
16013.25 3c 16073.82 4c 16097.55 4c
16118.81 6b 16159.11 18b 16208.13 5b
16220.87 9a 16228.48 Broad 8b 16307.46 doublet? 8a
16308.19 doublet? 8a 16363.86 doublet? 5a 16364.93 doublet? 5a
16438.93 doublet? 3a 16440.40 doublet? 3a 17013.19 5a
17057.13 15a 17274.51 doublet? 6a 17275.67 doublet? 6a
Notes.
(1) Identification based on the HITRAN database.
(2) I is the relative line photons flux. The superscript defines the accuracy (a=best, c=worst). See text for details.
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